Abstract. Glyburide (glibenclamide, GLB) is a widely prescribed antidiabetic with potential beneficial effects in central nervous system injury and diseases. In vitro studies show that GLB is a substrate of organic anion transporting polypeptide (OATP) and ATP-binding cassette (ABC) transporter families, which may influence GLB distribution and pharmacokinetics in vivo. In the present study, we used [
INTRODUCTION
Glyburide (glibenclamide, 5-chloro-N-[2-[4-(cyclohexylcarbamoylsulfamoyl)phenyl]ethyl]-2-methoxybenzamide, abbreviated GLB) is a hypoglycemic agent commonly used in the treatment of noninsulin-dependent diabetes. It inhibits sulfonylurea receptor 1 (SUR1, ABCC8), the regulatory subunit of the pancreatic potassium efflux channel (K ATP ) of the ATP-binding cassette (ABC) family. Recent reports have revealed that GLB may also have beneficial effects in acute ischemic, traumatic, and inflammatory central nervous system (CNS) injuries and diseases via its affinity for transient receptor potential melastatin 4 in the brain (1, 2) .
In vitro studies have shown that GLB is a substrate for several transporters belonging to the ABC and solute carrier (SLC) superfamilies, which may control its distribution and pharmacokinetics. Among the ABC transporters, GLB has been identified as a substrate of the breast cancer resistance protein (BCRP, ABCG2) (3-7) and some multidrug resistance proteins (MRP1 and MRP3; ABCC1,3) (3,7). However, GLB transport by P-glycoprotein (P-gp, ABCB1, MDR1) remains controversial (3, (7) (8) (9) . More recently, GLB has also been shown to be a substrate of the organic anion-transporting polypeptide (OATP, SLCO) family. GLB is preferentially transported in vitro by OATP2B1 (10), OATP1A2, and, to a lesser extent, OATP1B1 (11) .
The differential subcellular expression and function and cooperative properties of these transporters have added a new layer of complexity to the prediction of their impact on drug pharmacokinetics (12) . The uptake of many compounds from the circulating blood to hepatocytes is governed by OATP1B1, OATP1B3, and OATP2B1 at the sinusoidal membrane, which is devoid of P-gp and BCRP. ABC transporters such as P-gp, BCRP, and MRP2 are located in the canalicular membrane and mediate the export of xenobiotics into the bile (12) . In a clinical study, the administration of the broad-spectrum OATP inhibitor rifampicin (RFA) resulted in decreased plasma clearance and metabolism of orally administered GLB (13, 14) . Therefore, we can hypothesize that OATP transporters, metabolic enzymes, and ABC transporters work in a synchronized manner to control GLB distribution in the liver and enable its subsequent metabolism and elimination. Conversely, P-gp, BCRP, and MRP4 (but not MRP1-3) work together at the luminal surface of brain endothelial cells forming the blood-brain barrier (BBB) to restrict the penetration of drugs into the CNS (15, 16) . Nevertheless, the role of ABC and OATP transporters in the uptake of GLB by the brain and peripheral organs remains to be assessed in vivo.
In the present study, we aimed to evaluate the influence of selected transporter inhibitors on the brain and whole-body distribution of GLB in nonhuman primate. We used [ 11 C]GLB positron emission tomography (PET) imaging to non-invasively observe the distribution of GLB at a non-saturating tracer dose in baboons. Next, we tested the influence of RFA and cyclosporine (CsA) to compare the in vivo consequences of OATP and combined OATP/P-gp inhibition on [ 11 C]GLB distribution. Finally, we used in situ brain perfusion in mice to obtain an in-depth understanding of the influence of P-gp, BCRP, MRP, and OATP transporters separately and in combination on the permeability of the BBB to GLB.
MATERIALS AND METHODS

Animals
All animal use procedures were in strict accordance with the recommendations of the European Community (86/609/ CEE) and the French National Committees (law 87/848) for the care and use of laboratory animals. PET studies were carried out on two adult Papio anubis baboons (14 and 16 kg in weight). Adult male Fvb mice (30-40 g, 7-11 weeks old) were obtained from Janvier (Genest, France). A dual P-gp/ BCRP-deficient mouse strain Mdr 1a ; Mdr 1b ; Bcrp (−/− ; −/− ; −/−) (derived from Fvb mice) was bred in-house from progenitors obtained from the laboratory of Dr. Alfred H. Schinkel (The Netherlands Cancer Institute, The Netherlands). Chemicals PSC833 (valspodar) was a gift from Novartis (Switzerland), GF120918 (elacridar) was from GSK (Collegeville, PA, USA), and MK-571 from Merck Frosst (Kirkland, Canada). Fumitremorgin C (FTC) and GLB were purchased from Sigma-Aldrich (France). CsA, rifampicin (RFA), and pantoprazole were administered using the commercial drugs Sandimmun ® (Novartis, France), Rifadine ® (Sanofi-Aventis, France), and Inipomp ® (Nicomed, France), respectively. [ 3 H]GLB (2 TBq/mmol) was purchased from PerkinElmer (France). [ 11 C]GLB was prepared as previously reported (17) . Desmethyl glyburide, the precursor for carbone-11 labeling, was obtained in one chemical step by treating GLB with a 1 M solution of BBr 3 (4 eq.) in dichloromethane at low temperatures (−90 to −20°C). Carbon-11 labeling of GLB was performed using a TRACERLab FX-C Pro synthesizer (GEMS, France) and consisted of (1) the trapping at −10°C of [ 11 C]MeOTf in acetone (0.3 mL) containing the precursor (0.5-0.8 mg) and aqueous 3 N NaOH (5 μL), (2) heating at 110°C for 2 min, (3) dilution in 1.0 mL of the HPLC mobile phase and purification using semi-preparative reversed-phase HPLC ( (Table I) . Heart rate, end-tidal pCO 2 , and rectal temperature were continuously monitored. Time-activity curves were generated by calculating the mean radioactivity in selected volumes of interest (VOIs) drawn from PET or CT images. Standard uptake values (SUV) were generated by correcting the radioactivity in the VOIs for carbon-11 decay, attenuation, injected dose, and animal weight. The area under the curve (AUC; SUV.min) was calculated from 0 to 60 min using a linear trapezoidal method.
[
C]GLB Plasma Analysis
During PET acquisition, carbon-11 radioactivity was estimated in arterial plasma obtained from blood samples drawn from the femoral artery. Plasma samples obtained at 5, 15, 30, and 60 min were deproteinized with acetonitrile and injected into an UV/radioactive-HPLC system. [ 11 C]GLB was separated from its radiometabolites using a C18 semipreparative (10×250 mm, 10 μm) Atlantis ® column (Waters, France). The mobile phase consisted of 10 mM ammonium acetate in purified water (A) and acetonitrile (B). The gradient elution of B from 20% at 0 min to 90% at 12 min was applied to the column. Radioactivity in urine samples was also measured and analyzed using this radio-HPLC system. The [ 11 C]GLB fraction bound to plasma protein was measured before and during CsA, RFA, or pantoprazole infusion using a validated ultrafiltration method (MPS Micropartition Microcon ® -YM-10 membrane from Millipore, France). When possible, urine samples were drawn using a urethral catheter at the end of the scan, counted for radioactivity, and analyzed using HPLC.
Cell Culture and Accumulation Assay
The stably transfected Madin-Darby Canine Kidney cell lines MDCKII-hMDR1 and MDCKII-hBCRP were a gift from Dr. Alfred H. Schinkel (National Cancer Institute, The Netherlands). Culture and western blot analyses were performed as previously described (18) . Cells were seeded onto 24-well plates (3.10 5 cells/well) and allowed to grow for 3 days. On the day of the experiment, the culture medium was removed and cell monolayers washed and incubated with a buffer containing ∼3.7 kBq/mL [ 3 H]GLB with or without transport inhibitors. Full inhibition of P-gp and BCRP was obtained using PSC833 5 μM (18,19) and FTC 10 μM (5,18), respectively. GF120918 5 μM was used to assess the effects of the inhibition of both P-gp and BCRP (20) . After 1 h of incubation, the monolayers were washed twice and cells lysed using 500 μL of Triton X-100 0.1% overnight. Samples from each vial were mixed with Ultima Gold® scintillation cocktail (Perkin Elmer) and counted to estimate tritium radioactivity.
In situ Brain Perfusion in Mice
Mice were anesthetized with ketamine (140 mg/kg, i.p.) + xylazine (8 mg/kg, i.p.). In situ brain perfusion was performed as previously described (21) . Briefly, the right common carotid artery was exposed and the external carotid artery was ligated at the level of the bifurcation of the common and internal carotid arteries. The right common carotid artery was catheterized and the catheter connected to a syringe containing the perfusion fluid (protein-free Krebs carbonate-buffered physiological saline). The thorax was opened, the heart was cut, and perfusion started immediately at a flow rate of 2.5 mL/min. Each mouse was perfused for 90 s. The perfusion fluid contained [ 3 H]GLB (11 kBq/mL; 5.5 nM) and the vascular integrity marker 14 C-sucrose (3.7 kBq/mL). The intrinsic transport rate (K in ; in microliter per gram per second, n=4-6) for [ H]GLB (V brain ; in microliter per gram) and its transport rate or brain clearance rate were calculated from tritium radioactivity in the right hemisphere (K in =V brain /90 s ; in microliter per gram per second). Selected transporter inhibitors were added to the perfusion fluid to assess the role of transporters on GLB transport at the luminal BBB. P-gp and BCRP were fully and selectively inhibited using PSC833 5 μM and FTC 10 μM, respectively. The broad-spectrum inhibitors MK-571 50 μM (22, 23) and RFA 60 μM (13) were used to inhibit MRP and OATP, respectively. GF120918 was used at 5 and 10 μM to test the effect of the combined inhibition of both P-gp and BCRP at the BBB. The intrinsic transport rate (K in ; in microliter per gram per second, n=4-6) for [ 3 H]GLB was also measured in P-gp/ BCRP-deficient mice. 
Statistical Analysis
Comparisons between PET values were carried out using a linear mixed-effect model on log-transformed data. In this model, "treatment" (CsA, RFA, or pantoprazole) was the fixed and "baboon" the random factor. If the estimation of the variance of the random factor was negative, it was removed from the model. A one-tailed test was performed to compare treatment with control conditions. The p values obtained by this analysis were then adjusted using the Holm-Bonferroni procedure to take into account multiple comparisons, using WinNonlin 5.3 software (Pharsight, USA). One-way analysis of variance followed by post hoc tests was performed for multiple comparisons for in vitro and in situ experiments. Data are presented as means±standard deviations.
RESULTS
PET Study in Baboons
Pretreatment with RFA or CsA i.v. increased ∼5-fold the area under the time-activity curve (AUC) for radioactivity in plasma between 0 and 60 min (Table I) . Under control (Fig. 1) and increased AUC plasma ∼1.7-fold (Table I) . [ 11 C]GLB plasma protein binding was 99.9% and did not change after treatment with CsA, RFA, or pantoprazole.
Under control conditions in baboons, [
11 C]GLB distribution was characterized by high accumulation in the liver parenchyma (SUV max ∼38; Figs. 2 and 3) . The AUC liver /AUC plasma ratio was drastically reduced by RFA (∼14-fold) and CsA (∼18-fold) with no significant difference between these treatments (Table I ). The radioactive content of the gallbladder and bile duct showed high variability between experiments and no evidence of a difference between treatments and control conditions. We observed the substantial accumulation of [ (Fig. 3, Table I ). However, the AUC renal cortex / AUC plasma ratio of [ 11 C]GLB was similarly decreased by both treatments (Table I ). The amount of radioactivity in the urine varied substantially between and within groups, ranging from 0.1 to 2% of the injected dose. Radio-HPLC analysis of urine samples showed the presence of GLB metabolites; no [ 11 C]GLB was detected under any test conditions.
The AUC myocardium /AUC plasma ratio of [ 11 C]GLB was decreased by both CsA and RFA. This phenomenon was not observed for the lungs or the pancreas (Table I ). The brain uptake of [ 11 C]GLB was low (SUV max =0.6, Fig. 3 ) and the AUC brain /AUC plasma ratio was not affected by either RFA, CsA, or pantoprazole treatment (Table I) .
Cell Accumulation Assay
The lack of a difference between the effects of CsA and RFA treatment on [
11 C]GLB brain uptake in baboons prompted us to assess the contribution of P-gp compared to BCRP to GLB transport in vitro. We used MDCKII cells transfected with the human isoforms of P-gp (MDR1) and BCRP, considering the homology between humans and monkeys. In MDCKII-MDR1 cells, [ 3 H]GLB uptake was significantly increased by the P-gp inhibitor PSC833 and the dual P-gp/BCRP inhibitor GF120918. No effect of FTC, a specific BCRP inhibitor, was detected. Experiments with BCRP-transfected cells showed that GLB was also transported by human BCRP, since both FTC and GF120918 increased GLB uptake. The effect of PSC833 on MDCKII-BCRP cells was considered to be independent of BCRP and probably due to the presence of endogenous (canine) P-gp expression, which has been previously described in this cell line (5, 18) (Fig. 4) .
In situ Brain Perfusion in Mice
In situ experiments were performed in mice to assess the contribution of ABC and OATP transporters to GLB transport at the luminal membrane of the BBB. following the full and selective inhibition of either P-gp, BCRP, or MRP. Conversely, even partially reduced P-gp and BCRP transport activity led to a significant increase in [ 3 H]GLB brain uptake, with a maximal ∼3-fold effect in P-gp/BCRPdeficient mice or using GF120918 10 μM. The effect of MRP inhibition by MK-571 was evidenced in P-gp/BCRP-deficient mice but not in wild-type mice. In wild-type mice, co-perfusion with RFA, a chemical inhibitor of OATP, did not significantly influence [ 3 H]GLB brain uptake (Fig. 5) . C]GLB by the liver. Indeed, GLB is a substrate for OATP2B1 and OATP1B1, which are expressed at the sinusoidal membrane of hepatocytes. It has been shown that CYP3A4 and, to a lesser extent, CYP2C9 are the main liver enzymes involved in GLB metabolism, resulting in the production of 4-trans-hydroxyglyburide and 3-cishydroxyglyburide in vivo (24) . CsA and pantoprazole are capable of inhibiting liver CYP3A4 activity (25, 26) whereas RFA is not (27) . [ 11 C]GLB metabolites could not be detected in the plasma after RFA infusion, in accordance with reduced liver uptake of [ 11 C]GLB. This suggests that the availability of GLB for metabolic enzymes is greatly dependent on OATP activity, which represents the first and most important molecular step in GLB hepatic clearance.
The elimination of radioactivity by the bile duct via the gallbladder was obvious in our PET images (Fig. 2) . However, due to great variability between experiments, our PET data regarding the gallbladder cannot provide accurate information as to the differential impact of P-gp inhibition on the biliary clearance of GLB. The time period investigated in the PET experiments, as compared to the half-life of GLB reported in humans (∼4.7 h), is probably too short to accurately explore the GLB elimination phase (14) . Nevertheless, the lack of a difference between RFA and CsA treatments on liver and plasma [ 11 C]GLB AUCs suggests that the additional impact of inhibiting P-gp is minor, at least when OATP is already inhibited at the liver. This is in agreement with the sequential and synchronized activity of sinusoidal OATP, cytosolic enzymes, and canalicular P-gp in hepatocytes (12) . Furthermore, a synergistic kinetic compensatory mechanism involving P-gp, BCRP, and MRP has been described for some triple P-gp/ BCRP/MRP substrates, which could potentially offset the inhibition of P-gp alone (28) . Indeed, the combined deletion or inhibition of both P-gp and BCRP is thus necessary to demonstrate their activity (28, 29) . It has also been reported that Bcrp deficiency alone does not affect systemic GLB clearance in mice (5) . Unfortunately, we found no validated and readily available dual P-gp/BCRP inhibitor that could be safely injected in baboons and that did not interact with OATP transporters, to test the hypothesis of a cooperative ABC efflux system with [
11 C]GLB (30) . Instead, we used high-dose pantoprazole (30 mg/kg/h) to inhibit P-gp and BCRP, based on a previous report in rodents (31) . This treatment was well tolerated and increased AUC plasma (Table I) . However, the impact of pantoprazole on [ Table I ). In fact, the inhibition of OATP-mediated uptake at the kidney level might have counterbalanced the increase in [
11 C]GLB AUC plasma . It has been shown that ∼50% of GLB is eliminated in the urine, mainly as metabolites (14, 32) . Similarly, no unmetabolized [ 11 C]GLB could be detected in the urine of baboons. This was not affected by RFA treatment, suggesting that OATP transporters play a minor role in the tubular excretion or reabsorption of GLB and its metabolites, as previously reported in human (14) . This suggests that the initial step in renal secretion, i.e., the entry of the substrate from the blood into renal tubule cells, is not dependent on OATP transporter activity (12) . Moreover, PET data from the urinary bladder and the analysis of urine samples failed to show any effect of CsA. Taken together, these data suggest that OATP and P-gp are not critical factors in the renal elimination of GLB.
The distribution of [ 11 C]GLB in the pancreas was low, such that this organ could not be directly seen in PET images (Fig. 2) . OATP transporters did not seem to be involved in [ 11 C]GLB uptake by the pancreas, despite the significant expression of these transporters in pancreatic tissue (33) . However, the increased pancreatic exposure (AUC pancreas ) to [ 11 C]GLB following inhibitor treatment illustrates the consequences of drug-drug interactions between GLB and OATP inhibitors. This has been described in patients in whom the hypoglycemic effects for GLB were enhanced when RFA was co-administered (14) . Our results suggest that CsA might have similar effects.
The role of OATP2B1 in the vascular endothelium of human cardiac tissue has been illustrated ex vivo using atorvastatin (34) . In the present study, both RFA and CsA similarly decreased [ 11 C]GLB accumulation in the myocardium, suggesting that OATP2B1 influences the cardiac uptake of [ 11 C]GLB, since OATP1B1 and 1A2 are not expressed in this tissue (33, 34) . To our knowledge, this is the first study to demonstrate the activity of OATP transporters in the heart tissue in vivo. Thus, the influence of the OATP2B1-mediated cardiac uptake of GLB on the efficacy of treatments used for cardioprotective ischemic preconditioning deserves further attention (35) .
In contrast to cardiac tissue, GLB brain uptake was not influenced by OATP inhibition in baboons. Recent proteomic analyses of human and monkey brain microvessels have not revealed any OATP transporters involved in GLB transport at the BBB (15, 36) . Our in situ brain perfusion experiments in mice have confirmed that GLB brain uptake is not influenced by OATP function.
The distribution of GLB in baboon and mouse brains is fairly poor, despite its favorable lipophilicity (LogD 7.4 =1.8). However, several other detrimental physiochemical factors such as the number of heteroatoms, hydrogen bonds, and the high polar surface area could explain the low membrane and BBB permeability of GLB (37) . GLB binding to plasma proteins is high (∼99.9%) and contributes to restricting GLB distribution (38) . However, the brain perfusion fluid we used in mice did not contain proteins and the intrinsic permeability of the BBB for GLB is low. Our results suggest that GLB transport across the BBB is restricted by cooperation and synergy between several ABC transporters, as single ABC inhibition had no significant effect in mice or baboons. In mice, the combined inhibition of P-gp and BCRP using GF120918 significantly increased GLB transport across the BBB in a dose-dependent manner. Unfortunately, we cannot be sure that P-gp and BCRP were fully inhibited or even modulated at the dose of pantoprazole we used in baboons.
The transport of GLB was enhanced by the MRP inhibitor MK-571 in P-gp/BCRP-deficient mice. This suggests that a MK-571-sensitive efflux transporter, possibly MRP4 (16), could be also involved in GLB transport at the luminal BBB. Finally, in the absence of functional P-gp, BCRP, and MRP4 on the luminal side of the mice BBB, the brain uptake of GLB was increased 3.4-fold, reaching a maximal brain extraction of ∼4%.
The critical role of OATP1A, OATP1B, and OATP2B1 in drug pharmacokinetics has aroused interest in developing specific and noninvasive tools to evaluate the impact of these transporters and the risk of drug-drug interactions (39, 40) . GLB labeling with carbon-11 permits the original structure of the compound and its transporter substrate properties to be preserved. Our study illustrates how GLB plasma pharmacokinetics and distribution are largely governed by OATP transporters. RFA and CsA have a more pronounced inhibitory effect on OATP1A2, OATP1B1, and OATP1B3 than on OATP2B1 (13, (41) (42) (43) (44) . In the present study, the organs in which [
11 C]GLB uptake was modified by RFA were more concordant with OATP2B1 distribution than with the pharmacological targets of GLB (45), such as SUR1, which is expressed in the brain, pancreas, and spinal cord (46) . However, before [ 11 C]GLB can be used as a probe to study OATP2B1 function in vivo, further investigations are necessary to assess its specificity for other OATP isoforms.
CONCLUSION
In conclusion, the present study demonstrates how OATP transporters control GLB distribution, mainly in the liver, with a subsequent impact on its metabolism, pharmacokinetics, and the exposure of several organs including the pancreas and the brain. The inhibition of P-gp in addition to OATP had no further impact on GLB distribution. Conversely, P-gp, BCRP, and possibly MRP4 work in concert to restrict GLB transport across the BBB. Thus, our results clarify the pharmacological consequences of the interaction between GLB and inhibitors of the OATP and ABC transporters in vivo.
